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INTRODUCTION will concentrate primarily on the development of Drosoph-
ila melanogaster. Our extensive understanding of early Dro-
sophila development is currently unrivaled in providing an
The interior of the eukaryotic cell is not uniform: differ- entire series of developmentally important mRNA localis-
ent regions perform specialised functions and require the ations, from the origin of polarity to the elaboration of ante-
activity of distinct sets of proteins. While a great deal of rior±posterior pattern. Many roles and associated mecha-
attention has been focussed on the mechanisms by which nisms of mRNA localisation emerge from a description of
proteins are sorted to the different membrane compart- these events.
ments of the cell (Alberts et al., 1994a,b), relatively little is
known about how proteins are targeted to different regions
of the cytoplasm. ROLES FOR mRNA LOCALISATION IN
An increasing number of examples indicate that a major
EARLY DROSOPHILA DEVELOPMENTmechanism by which this occurs is via the localisation of
mRNA. Thus, b-actin mRNA is localised to the leading
Drosophila development divides the egg into a pattern oflamellae of ®broblasts (Kislauskis et al., 1993, 1994) where
repeating segments along the anterior±posterior axis. Thisthe actin it encodes is required for extension of the lamelli-
subdivision is initiated by mRNA determinants present inpodia. Another example is myelin basic protein (MBP)
the cytoplasm at each pole of the egg (Schubiger and Wood,which is involved in the compaction of the membranes
1977; FrohnhoÈfer et al., 1986; NuÈ sslein-Volhard et al., 1987)which form the myelin sheath around axons. MBP interacts
and is completed by the time cellularisation converts thestrongly with all membranes so that, if MBP were made in
embryo from a single multinucleate cell (syncitium) into athe cell body, it would be dif®cult to transport to the site
cellular blastoderm (Technau, 1987). In this section I willof myelination without other membranes on the way be-
describe how the anterior and posterior mRNA determi-coming compacted. This is avoided within the cell by pro-
nants give rise to a series of localised mRNAs which specifyducing MBP only where it is needed; by localisation of MBP
cell fate along the anterior±posterior axis.mRNA to the myelinating processes of the cell (Trapp et
al., 1987; Ainger et al., 1993).
As mRNAs can be translated many times, localised tran- Generating a Morphogen Gradient: bicoid and
scripts can also be used as a mechanism for generating con- nanos mRNA Localisationcentrated sources of localised protein. Diffusion from such
localised sources of mRNA determinants is essential for the The anterior determinant is bicoid mRNA, which is
tightly localised in a small region of anterior cytoplasmproduction of the morphogen gradients that determine early
patterning in Drosophila development. (Berleth et al., 1988; St Johnston et al., 1989). Translation
and diffusion of Bicoid protein from this localised sourceIn fact mRNA localisation is of particular developmental
importance in the targeting of these and other determinants leads to the formation of a concentration gradient of Bicoid
protein from the anterior towards the posterior (Driever andto speci®c regions within the egg. Such localised determi-
nants play a crucial role in specifying cell fate during the NuÈ sslein-Volhard, 1988). Bicoid is a transcription factor
which activates anterior zygotic expression of hunchback,early embryogenesis of a wide range of organisms. In this
review I shall therefore be concentrating on this develop- a member of a class of genes called gap genes (Tautz, 1988;
Driever and NuÈ sslein-Volhard, 1989; Struhl et al., 1989).mental role for mRNA targeting. I shall consider examples
from the development of nematodes and amphibians, but Hunchback is another transcription factor and interacts
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with Bicoid to specify the anterior and posterior borders of any immediate role in early development (Raff et al., 1990).
However, as a consequence of its position in the posteriorexpression of itself and other gap genes (Tautz et al., 1987;
Treisman and Desplan, 1989; Stanojevic et al., 1989; HuÈ l- cytoplasm of the egg, this mRNA becomes incorporated
into the pole cells as they bud off (Whit®eld et al., 1989;skamp et al., 1990; Struhl et al., 1992; Schulz and Tautz,
1994; Simpson-Brose et al., 1994). Bicoid and Hunchback Lehner and O'Farrell, 1990). Thus, localisation of this
mRNA leads to its partitioning into a speci®c set of cells.thus act as comorphogens: Nuclei at different positions
along the A/P axis are exposed to different concentrations The localised Cyclin B mRNA is translated later in develop-
ment, when the pole cells populate the gonads and resumeof Bicoid and Hunchback proteins. This causes them to
express different gap genes and thus to follow different de- mitotic activity (Dalby and Glover, 1993).
velopmental pathways: They have acquired information
about their position along the A/P axis.
The positional information supplied by bicoid is supple- Re®ning the Pattern: Localised Transcription in a
mented by determinants that signal from the termini and Single Cell
the posterior of the egg. The posterior determinant is nanos
mRNA, which is localised at the posterior pole of the egg The maternally supplied determinants in the freshly laid
egg provide suf®cient positional information to divide thein a region of distinct cytoplasm known as pole plasm (Wang
and Lehmann, 1991). nanos encodes a protein that prevents developing embryo into just a few broad regions; each region
being de®ned by the different gap genes expressed by thetranslation in the posterior of the embryo of maternal hb
mRNA, which is uniformly distributed (Tautz, 1988; Irish nuclei within it. mRNAs for the gap genes are therefore
found localised in bands along the embryo. As with bicoidet al., 1989; Wharton and Struhl, 1991). A failure to localise
nanos activity results in nuclei following inappropriate de- mRNA, these localised messages give rise to gradients of
their gap gene protein products, which are also transcriptionvelopmental fates due to a change in the distribution of
Hunchback protein (Tautz, 1988; HuÈ lskamp et al., 1989; factors. These secondary protein gradients interact with one
another to further specify position along the anterior±poste-Struhl, 1989). The repression of hb translation by Nanos is
mediated by the binding of another protein, Pumilio, to rior axis by regulating the expression of another class of
genes, the pair-rule genes, in narrow stripes along the em-short elements in the hb 3 * untranslated region (3 *UTR)
termed ``Nanos response elements'' or NREs (Wharton and bryo. (For general reviews see: Alberts et al., 1994c; Gilbert,
1994a; Pankratz and JaÈckle, 1993). The transcripts of theStruhl, 1991; Murata and Wharton, 1995). Either directly,
or as a consequence of repressing hb translation, nanos and pair-rule genes represent the last mRNAs that are localised
within the single multinucleate egg cell, as at this stage thepumilio cause the disappearance of maternal hb transcripts
from the posterior half of the embryo (Tautz and Pfei¯e, plasma membrane starts to divide the embryo into individ-
ual cells. The positional information derived from the lo-1989). In combination with the activation of zygotic hb
transcription by bicoid, this leads to hb mRNA becoming calised maternal determinants and from the localised zy-
gotic mRNAs of the gap and pair-rule genes is suf®cient forrestricted to an anterior pattern from an initially uniform
distribution of maternal message. each nucleus at this stage to know of which segment along
the anterior±posterior axis it is a part.
The stripes of the gap and pair-rule mRNAs representDetermining the Germ Cells: Cellularisation an unusual localisation mechanism peculiar to syncitiaÐ
Sequesters Localised mRNA subcellular localisation by localised transcription. This
mechanism is not restricted to insects; in mice the mRNAnanos mRNA is associated with large protein and RNA
structures, the polar granules, that are found in the pole for an acetylcholine receptor subunit is selectively tran-
scribed from nuclei in the synaptic region of syncitial mus-plasm. The pole plasm also contains determinants which
cause a small group of nuclei to form the pole cellsÐthe cle ®bres (Simon et al., 1992; Burden, 1993).
Drosophila germ line (Illmensee and Mahowald, 1974). Al-
though the germ-line determinants have not been identi-
®ed, a strong candidate for involvement in germ-cell speci- Preventing a Gradient: Apical Localisation of Pair-
®cation is germ-cell-less (gcl ) protein, the mRNA for which Rule mRNA
is localised in the polar granules (Jongens et al., 1992). gcl
is required for pole cell formation and encodes a protein When the gap and pair-rule genes are being expressed, the
nuclei form a single layer at the cortex of the egg. Thiswhich is found associated with the nuclear pores of the pole
cells (Jongens et al., 1994). However, mislocalisation of gcl effectively divides the cytoplasm of the syncitial blasto-
derm into two compartments: a basal region towards themRNA to the anterior is insuf®cient to direct formation of
ectopic pole cells, although anterior nuclei do show some interior of the egg and a narrow apical region between the
nuclei and the plasma membrane. The apical region is fur-behaviour characteristic of pole cell nuclei (Jongens et al.,
1994). ther delimited by the slow invagination of plasma mem-
brane that occurs as cellularisation commences. The pair-A further component of the pole plasm, localised Cyclin
B mRNA, remains untranslated and does not appear to play rule transcripts differ from the gap gene transcripts by being
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differential localisation of the gap and pair-rule mRNAs
may re¯ect different requirements for the diffusion of their
protein products: gap-gene proteins must diffuse over sev-
eral cell nuclei to form secondary gradients of positional
information; in contrast, the restriction on the diffusion
of the pair-rule products causes them to act in a nucleus-
autonomous wayÐas if they were in a cellular system
rather than a syncitiumÐand permits the generation of the
sharp expression boundaries. A decrease in diffusion of pro-
teins derived from apically localised versus unlocalised lacZ
trancripts can be directly observed, supporting this hypothe-
sis (Davis and Ish-Horowicz, 1991). Experiments using in-
jected drugs to stabilise pair-rule transcripts (cyclohexi-
mide) and disrupt cellularisation (colchicine and colcemid)
suggest that the apical compartment is formed by the inva-
ginating plasma membrane/f-actin complex preventing lat-
eral movement and the microtubule network preventing
apical to basal movement (Edgar et al., 1987).
The acquisition of cell fate along the anterior±posterior
axis therefore critically requires the localisation of a series
of mRNAs. This requirement illustrates two developmen-
tally important roles for mRNA localisation: (1) Generation
of morphogenic gradients (bicoid, nanos, gap gene mRNA)FIG. 1. Apical localisation of pair-rule mRNA. (Top) Section of
blastoderm stage Drosophila embryo hybridised with a probe and (2) unequal partitioning of specialised cytoplasm into
against the pair-rule gene fushi-tarazu, showing localisation of the different cells (cyclin B mRNA).
mRNA to the apical cytoplasm. (Bottom) Schematic comparison The mRNA localisations that pattern the anterior±poste-
of pair-rule and gap mRNA localisation. rior axis have their origin in the inherent polarity of the
egg, with maternal mRNA determinants localised to each
end. In fact, an earlier series of mRNA localisations during
oogenesis underlies this polarity by leading to differentia-restricted to this apical compartment (Fig. 1) (Hafen et al.,
1984; Ingham et al., 1985; Edgar et al., 1987; Davis and Ish- tion of the oocyte; polarisation of the oocyte; mRNA locali-
sation to opposite poles; and assembly of the pole plasm atHorowicz, 1991).
How is this additional localisation achieved? Differential the posterior. These four stages of oogenesis correlate well
with a series of microtubule cytoskeleton rearrangements.degradation or trapping mechanisms are unlikely due to the
extremely short half-life and low diffusion rate of the pair- This raises the possibility that a primary purpose for the
reorganisations is the localisation of the mRNAs. After arule transcripts (Edgar et al., 1986). The rapid turnover of
the transcripts and the complete absence of basal transcripts brief description of oogenesis I shall be describing the rela-
tionship between mRNA localisation, microtubule organi-exclude active cytoplasmic transport unless it is extremely
fast. This has led to the controversial suggestion that apical sation and oogenesis.
restriction occurs via direct vectorial export from the apical
side of the nucleus (Davis et al., 1993).
The best evidence for this model comes from mutant OOGENESIS
embryos in which some nuclei fail to form a regular single
layer at the cortex and move towards the interior of the Drosophila ovaries consist of around 16 ovarioles, each of
which contains a string of linked egg chambers at differentembryo. The nuclei that internalise in these mutants still
localise pair-rule transcripts to their apical sides rather than stages of development (Fig. 2) (see Spradling (1993) for a
full review of oogenesis). The egg chambers arise in theto the subcortical cytoplasm, ruling out a general transport
mechanism to the periphery of the embryo. When the nuclei germarium, where germ-line cystoblasts divide four times
to produce cysts of 16 cells (cystocytes). At each divisionmove inwards, the microtubule ``baskets'' associated with
the apical side of normal nuclei remain at the cortex, so cytokinesis is incomplete, so that the cystocytes remain
interconnected by specialised cleavage furrows called ringlocalisation does not occur via this microtubule structure
(Francis-Lang, personal communication). Also consistent canalsÐas in embryogenesis, oogenesis occurs in a syncit-
ium. One of the cells comes to lie at the posterior of thewith this model is the observation that the nuclei of the
blastoderm do adopt a consistent orientationÐthe chro- cyst and will develop into the oocyte, the other 15 become
nurse cells. The 16 cell cysts become surrounded by somaticmocenters and nucleoli both lie apically (Foe and Alberts,
1985; Hiraoka et al., 1989; Davis et al., 1993). follicle cells and bud off from the germarium (stage 2). As
the egg chambers develop, the polyploid nurse cells contrib-Davis and Ish-Horowicz (1991) have proposed that the
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ute material to the growing egg via the ring canals (stages toplasm (Gutzeit, 1986b; Theurkauf et al., 1992). Simulta-
neously, extensive arrays of ®lamentous actin form in the2±10) before rapidly depositing their cytoplasm into the
oocyte as they degenerate at the end of oogenesis (stages nurse cells. Actin-based contractions in these cells then
force the remains of the nurse cell cytoplasm into the oocyte11±14). The follicle cells migrate (stage 9) so that the major-
ity cover the oocyte (stage 10), where they are responsible (Gutzeit, 1986a; Theurkauf et al., 1992).
for depositing the egg coveringsÐthe vitelline membrane
and chorionÐas well as spatially restricted factors that de-
®ne the D/V axis of the embryo (Chasan and Anderson, Determination of the Oocyte
1993).
During oogenesis, changes in the cytoskeletal organisa- It is the localisation of several mRNAs to a single cell
within the cyst that ®rst distinguishes the pro-oocyte fromtion of the cysts occur (see Knowles and Cooley (1994) and
Theurkauf (1994a) for reviews). The fusome, a cytoplasmic its neighbours (Fig. 2). This occurs in germarial region 2a.
Not only do these localised mRNAs mark out the pro-oo-organelle which interconnects the cystoblasts, forms in a
polarised manner along the remnants of the mitotic spindles cyte, but two of the genes, Bic-D and orb are actually re-
quired for its determination. Strong alleles of orb, a germ-during the divisions that create the 16-cell cysts. This re-
sults in a branched structure that is rooted in the original line-speci®c RNA-binding protein, disrupt formation of the
16-cell cyst. In the weaker allele orbF303, however, the cystcystoblast formed by division of the stem cell and which
extends through all the other cystocytes. It has been pro- forms correctly and some (orb, oskar, hts), but not all (Bic-
D, K10), mRNAs localise correctly to a single cell. Thisposed that the root of the fusome de®nes the cystocyte that
will go on to become the oocyte and that the branched single cell fails to take up its normal position at the poste-
rior of the cyst, and the egg chambers bud off abnormallystructure acts as a template for a polarised transport mecha-
nism directed towards the oocyte (Lin and Spradling, 1995). (Lantz et al., 1994). In contrast, null alleles of Bic-D abolish
all signs of oocyte differentiation, forming egg chambersConsistent with this model, a polarised microtubule net-
work forms towards the end of the germarial stages, prior containing 16 polyploid nurse cells (Ran et al., 1994).
Two lines of evidence implicate the microtubule networkto the disappearance of the fusome. This network is organi-
sed by an MTOC (microtubule organising centre) at the that interconnects the cystocytes in the localisation of these
mRNAs: (1) Treatment with microtubule depolymerisingposterior of the preoocyte and extends through the ring ca-
nals to all the nurse cells (Theurkauf et al., 1992, 1993). As drugs prevents mRNA localisation (Koch and Spitzer, 1983;
Pokrywka and Stephenson, 1991; Theurkauf et al., 1993;a result the microtubules are oriented with their minus-
ends at the posterior of the oocyte and their plus-ends ex- Pokrywka and Stephenson, 1995) and results in formation
of 16 nurse cell egg chambers; (2) mutations in two genestending through the nurse cells.
At stage 7 these microtubules break down within the (Bic-D and egalitarian (egl ) which produce this 16-nurse-
cell phenotype cause a failure in formation (Bic-D) or main-oocyte and are replaced by an anterior to posterior gradient
of microtubules. Brief treatment with the microtubule de- tenance (egl) of the microtubule network (SchÈ upbach and
Wieschaus, 1991; Theurkauf et al., 1993).polymerising drug colcemid leaves short microtubules asso-
ciated with the anterior cortex. This suggests that the more Interestingly, both drug treatment and Bic-D mutant al-
leles show similarly graded effects on mRNA localisation:stable minus-ends are nucleated at the anterior cortex, with
the plus-ends extending towards the posterior (Theurkauf oskar mRNA localisation is less sensitive to drug treatment
than localisation of other mRNAs (Theurkauf et al., 1993);et al., 1992). The microtubules in this second network are
thus of opposite polarity to those they replace. Similarly, while null Bic-D alleles disrupt localisation of
all mRNA to the pro-oocyte, hypomorphic Bic-D allelesThese microtubules in turn undergo a major reorganisa-
tion at stage 10 as the nurse cells begin to regress: Parallel exist which permit localisation of both oskar and orb (Bic-
D R26) or oskar alone (Bic-DPA66). Bic-D mRNA and K10arrays of microtubules spiral around the oocyte cortex and
drive cytoplasmic streamingÐa vigorous mixing of the cy- mRNA, however, localise in neither of these alleles (Suter
FIG. 2. Four phases of Drosophila oogenesis. (Top) Development of the egg chamber, showing microtubule organisation (green): (A)
Germarium and (B) stages 1±6, minus-ends in oocyte (yellow) and plus-ends in nurse cells. Egg chamber polarity indicated by A (anterior),
P (posterior); (C) stages 7±10a, minus-ends at anterior cortex, plus-ends extend to posterior. Follicle cells (blue) migrate over oocyte; (D)
stage 10b±14, parallel subcortical microtubule arrays drive cytoplasmic streaming. (Middle) Localisation of developmentally important
mRNAs at each stage. (Bottom) mRNAs which share a common early localisation pattern (Prost et al., 1988; St. Johnston et al., 1989;
Dalby and Glover, 1992; Ephrussi et al., 1991; Golumbeski et al., 1991; Kim-Ha et al., 1991; Lantz et al., 1992; Mahone et al., 1995;
Neuman-Silberberg and Schupbach, 1993; Suter and Steward, 1991; Wang and Lehmann, 1991; Yue and Spradling, 1992).
FIG. 3. Localised gurken mRNA speci®es (left) A/P and (right) D/V polarity. (A) Top: gurken mRNA localised to a crescent at the posterior
of the egg chamber during stages 1±6. Bottom: Posterior gurken (violet) speci®es the posterior follicle cells (red). (B) Top: gurken mRNA
localised next to the nucleus at the anterior-dorsal corner of the oocyte at stage 9. Bottom: Follicle cells migrating over the oocyte are
induced into the dorsal cell fate (green) by a signal from the localised gurken mRNA.
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and Steward, 1991; Lantz et al., 1992). These weak Bic-D the germ line or loss of top/DER from the follicle cells (Gon-
zaÂ lez-Reyes et al., 1995) prevent the initial oocyte±folliclealleles also permit an early stage in oocyte differentiation
not seen in the Bic-D nulls: the pro-oocyte moves to the cell signal and thus determination of the posterior follicle
cells; Notch and Delta are required in the follicle cells forposterior of the cyst by germarial stage 3, as it does in wild-
type egg chambers. In the null allele, the pro-oocyte (identi- some aspect of this pathway, possibly the differentiation of
the posterior follicle cells (Ruohola et al., 1991); Protein®ed on the basis of ring-canal morphology) fails to migrate
to the posterior (Ran et al., 1994). This suggests that there kinase A (PKA) is required in the oocyte for receipt of the
posterior follicle cell±oocyte signal (Lane and Kalderon,is a correlation between the degree of mRNA localisation
and the extent of oocyte determination. 1994). In each case, these mutations result in a mirror-image
duplication of the microtubule array.These results are consistent with a model in which Bic-
D and egl establish a microtubule based transport network, This duplication can be seen both by antibody staining
of the microtubules (Lane and Kalderon, 1994), and by thewhich is used to target mRNAs to a single cell within the
cyst. The gradual accumulation of different mRNAs within use of a chimaeric protein generated by fusing the motor
domain of kinesin and the reporter gene b-galactosidasethis single cell lead to its differentiation into the oocyte.
While oskar and orb mRNAs, which localise in the hypo- (kin:b-gal ) (Clark et al., 1994). Kinesin is a plus-end-directed
microtubule motor, and the fusion protein, as expected,morphic Bic-D alleles, may do so by a different mechanism,
it is possible that they are simply much better substrates for translocates towards the plus-ends of microtubules (Giniger
et al., 1993). This construct therefore acts as a useful markertransport along the microtubules than the other mRNAs. If
this is the case, we might suppose that the hypomorphic of microtubule polarity. In wild-type egg chambers, kin:b-
gal accumulates at the posterior of the oocyte after stage 8,Bic-D alleles are able to direct the formation of only a frac-
tion of the normal microtubules and that these are suf®- re¯ecting the anterior to posterior array of microtubules,
while in PKA and grk mutants it accumulates in the centercient to direct localisation of only some target mRNAs. The
lower sensitivity of oskar mRNA localisation to microtu- (Lane and Kalderon, 1994; GonzaÂ lez-Reyes et al., 1995). This
illustrates the duplication of the array, with microtubulesbule depolymerising drugs would be consistent with this
model, although oskar mRNA would need to be able to nucleated at both ends of the oocyte and their plus-ends
extending towards the center. Localised grk mRNA, by de-localise along microtubules too sparse to be visualised by
antibody staining (Theurkauf et al., 1993). ®ning the posterior follicle cells, is thus indirectly responsi-
ble for ensuring that the microtubules form a polarised ante-
rior±posterior array rather than a symmetrical structure.
Polarisation of the AP Axis
As we shall see below, the anterior±posterior gradient of Localisation to the Anterior
microtubules at stage 7 is essential for the localisation of
the anterior and posterior determinants to opposite ends of All of the mRNAs which are localised to the oocyte before
stage 7 are found at least transiently at the anterior marginthe egg, and thus for de®ning the polarity of the AP axis.
The correct formation of this microtubule network relies of the oocyte after stage 7 (Fig. 2). This transient localisation
is consistent with their transport by the same microtubule-on the oocyte moving to the posterior of the cyst, where it
signals to overlying follicle cells to adopt a posterior fate based mechanism which originally targeted them to the
oocyte: prior to stage 7 the microtubule minus ends are in(GonzaÂlez-Reyes and St. Johnston, 1994). These posterior
follicle cells subsequently signal back to the oocyte permit- the oocyte; following the microtubule reorganisation at
stage 7 the minus-ends are at the anterior cortex. Transportting the correct rearrangement of the microtubules (Ruo-
hola et al., 1991; Ruohola-Baker et al., 1994). of these messages by a minus-end-directed motor would
therefore account for both localisation patterns. This ideaThe signal from the oocyte to the follicle cells relies on
gurken (grk) (Fig. 3A). grk mRNA localises to the oocyte that anterior localisation is a ``default pathway'' for locali-
sed mRNAs is supported by two pieces of evidence: (1) tran-from germarial stage 2 onwards and is found in a crescent
at the posterior of the oocyte, between the nucleus and scripts which are subsequently targeted to different regions
of the oocyte nevertheless show transient anterior localisa-the cortex, throughout stages 1±7 (Neuman-Silberberg and
Schupbach, 1993). grk encodes a TGFa-like molecule and tion (e.g., gurken and oskar, see below); (2) the movement
of at least one mRNA to the anterior is not required for itstransmits a signal from the oocyte to the surrounding folli-
cle cells, via the Drosophila EGF receptor homologue top/ function. Localisation of K10 mRNA appears to be im-
portant to target K10 protein to the oocyte, but the positionDER (SchuÈ pbach, 1987; Price et al., 1989; Schejter and Shilo,
1989; Neuman-Silberberg and Schupbach, 1993; GonzaÂ lez- of localisation within the oocyte appears unimportant (Ser-
ano and Cohen, 1995).Reyes et al., 1995).
The oocyte±follicle cell and subsequent follicle cell±oo- In contrast, localisation of bicoid mRNA to the anterior
is essential because of its crucial role as the anterior deter-cyte signaling pathways can be disrupted in many ways, all
producing similar phenotypes. Misplacement of the oocyte minant. Furthermore, its localisation is maintained
throughout oogenesis whereas other transcripts become in-(GonzaÂlez-Reyes and St. Johnston, 1994), loss of grk from
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creasingly dispersed in the cytoplasm after stage 10 (Pok- Stephenson, 1995). In addition, mutations in three maternal
effect genes (exuperantia, swallow, and staufen) affect therywka and Stephenson, 1995). The localisation of bicoid
mRNA occurs in several stages. bicoid mRNA is ®rst seen different stages of bicoid localisation (FrohnhoÈ fer and NuÈss-
lein-Volhard, 1987; Stephenson et al., 1988; St. Johnston etin the oocyte at around stage 5 and then accumulates in a
ring at the anterior margin through stages 7±9 (Fig. 2). This al., 1989). The wild-type products of these genes, and the
microtubules, are therefore good candidates for componentslocalisation is maintained in stages 9±10, and additional
bicoid mRNA is seen in an apical region of the nurse cells. of the localisation machinery.
Microtubules. During the later phase of bicoid mRNAThis second bicoid mRNA population joins the ®rst to form
a cap at the anterior cortex as the nurse cells donate their localisation (stage 7 onwards), transcripts synthesised in the
nurse cells are targeted to the anterior cortex. This is closecytoplasm to the egg during stages 10±12. By the time the
egg is laid, bicoid mRNA has migrated from this cortical to their site of entry to the oocyte from the anterior-lying
nurse cells and this targeting could therefore be due to pas-cap into an anterior and slightly dorsal region of the cyto-
plasm (St. Johnston et al., 1989). sive trapping of transcripts at the anterior cortex. Pokrywka
and Stephenson have used microtubule depolymerisationThe subcellular localisation of bicoid involves two
classes of factors: cis-acting factorsÐregions of the bicoid drugs to examine the late localisation of bicoid (Pokrywka
and Stephenson, 1991; Pokrywka and Stephenson, 1995).mRNA which mediate its targeting; and trans-acting fac-
torsÐany other component required for the correct locali- Treatment of stage 10 egg chambers in culture with nocoda-
zole dislodges already localised bicoid in the oocyte andsation of the transcript.
nurse cells and prevents localisation of new bicoid entering
the oocyte. Interestingly, microtubule disruption by noco-cis-Acting Factors: The bicoid 3*UTR
dazole is easily reversible and leads to resumption of at least
Macdonald and Struhl (1988) demonstrated that the 5* the microtubule-based cytoplasmic streaming typical of late
untranslated region (5*UTR) and the entire bicoid coding
stage 10 (Gutzeit, 1986b). When oocytes are cultured in
sequence could be replaced without disrupting localisation
nocodazole and then allowed to recover after its removal,
of the mRNA. In contrast, a 625-base region of the bicoid
bicoid mRNA is able to relocalise from deep within the
3*UTR is necessary for correct localisation and suf®cient to
cytoplasm to a cortical position. After short treatments
direct the localisation of heterologous transcripts. Further
with nocodazole, bicoid mRNA returns to an essentially
analysis of the 3 *UTR identi®ed elements involved in spe-
wild-type position, but longer treatments lead to mislocali-
ci®c steps in the localisation of bicoid mRNA:
sation to more posterior regions of the cortex. As longer
Deletion of a 53-base region, BLE1, prevents all stages
treatments result in bicoid mRNA diffusing to more poste-
of bicoid localisation. In contrast, two copies of BLE1 are
rior regions of the cytoplasm, it is possible that bicoid
suf®cient to direct the early stages of localisation to the
mRNA becomes relocalised to the closest region of cortex
oocyte, transiently to the anterior cortex and to the apical on removal of the drug (Pokrywka and Stephenson, 1991;
nurse cell cytoplasm (Macdonald et al., 1993). Unfortu- Pokrywka and Stephenson, 1995).
nately a single copy of this element, as found in the wild- This relocalisation of the bicoid mRNA makes the simple
type bicoid 3 *UTR is not able to direct this early localisa-
anterior trapping model unlikely. Furthermore, in the grk,
tion. It is possible that the second copy present in localised
N ts, and PKA mutants where the oocyte develops as if it
constructs allows a more stable interaction between the
has two anterior ends, bicoid mRNA localises to the ectopic
localisation machinery and the 3 *UTR, obviating the need
``anterior cortex'' at the opposite end of the oocyte to where
for additional stabilising factors which would bind else-
the mRNA enters from the nurse cells (Ruohola et al., 1991;
where in the 3 *UTR.
Lane and Kalderon, 1994; GonzaÂ lez-Reyes et al., 1995). This
The bicoid 3 *UTR's from several other Drosophila spe-
ectopic bicoid mRNA cannot have been localised by being
cies, when introduced into D. melanogaster as transgenes,
trapped as it entered the oocyte. Instead, bicoid mRNA lo-
are able to direct localisation of transcripts into the same
calisation appears to occur via active transport towards the
pattern as the D. melanogaster bicoid 3 *UTR. Computer
minus-ends of microtubules.
analysis of these different bicoid mRNAs reveals short exuperantia. exu mutations result in a uniform distri-
stretches of homology throughout the 3*UTRs, but the bution of bicoid mRNA throughout the egg (FrohnhoÈfer and
most striking feature is that they may form similar stable NuÈ sslein-Volhard, 1987; Berleth et al., 1988; St. Johnstonsecondary structures (Macdonald, 1990; Seeger and Kauf-
et al., 1989). exu affects the localisation of bicoid to the
man, 1990). It is likely that the mechanisms which localise
anterior of the oocyte and to the apical region of the nurse
bicoid mRNA do so by speci®cally recognising this con-
cells but does not affect the earlier phase of bicoid localisa-
served secondary structure rather than the primary se-
tion to the oocyte at stage 5 (St. Johnston et al., 1989).
quence of the 3 *UTR.
Cloning and characterisation of exu suggest that Exu pro-
tein is involved, perhaps indirectly, in preparing bicoid
trans-Acting Factors mRNA for transport to the oocyte after stage 7 or in its
initial anchoring to the cortex, but is not required for main-The localisation of bicoid requires an intact microtubule
skeleton (Pokrywka and Stephenson, 1991; Pokrywka and tenance at the anteriorÐExu colocalises with bicoid
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mRNA in the nurse cells and at the anterior cortex, but same way that bicoid mRNA localisation relies on Staufen.
However, in ¯ies carrying eight copies of bicoid (whichdisappears later, whereas bicoid mRNA localisation is
maintained (Macdonald et al., 1991; Marcey et al., 1991). produce and localise four times as much transcript as wild-
type) a correspondingly increased amount of Staufen is seenMore recently a fusion between Exu protein and green ¯uo-
rescent protein has allowed exu to be followed in living and at the anterior of the egg. In contrast, additional copies of
staufen do not result in increased localisation of bicoid®xed ovaries with greatly increased sensitivity (Wang and
Hazelrigg, 1994). In addition to the earlier observations, exu mRNA (Ferrandon et al., 1994). This indicates that Staufen
protein is present in excess in the embryo and is concen-was seen in the form of small particles associated with the
ring canals interconnecting the nurse cells and oocyte. In- trated in the dorsal-anterior cytoplasm due to an interaction
with bicoid mRNA.triguingly, the localisation of Exu protein is microtubule
dependent in very much the same way as that of bicoid In addition, when transcripts carrying the bicoid 3 *UTR
(but not other RNAs) are injected into the egg, Staufen pro-mRNA: both bicoid mRNA (Pokrywka and Stephenson,
1991) and Exu (Wang and Hazelrigg, 1994) localise to ectopic tein is recruited to the site of injection where it forms large
particles. These particles move with the nuclei to the cortexlateral cortical microtubule foci induced by the microtu-
bule-stabilising drug taxol. Furthermore, this mislocalisa- of the egg and are found associated with the astral microtu-
bules of the mitotic spindle. This injection assay was usedtion of bicoid does not occur in exu mutant ovaries (Pok-
rywka and Stephenson, 1991). Although these results might to further characterise the localisation signals present in
the bicoid 3 *UTR. The interaction with Staufen proteinsuggest a direct role for exu in the transport of bicoid, it
has not been possible to demonstrate speci®c binding of maps to three stable stem-loop structures within the
3 *UTR (Ferrandon et al., 1994). Interestingly, one of theExu to bicoid mRNA (Wang and Hazelrigg, 1994).
The involvement of exu is, however, speci®c to bicoid three stem-loops corresponds to the BLE1 element pre-
viously shown to be involved in the early staufen-inde-mRNA localisation. The localisation of the other mRNAs
which move to the anterior at stage 7 is not exu-dependent, pendant phase of bicoid localisation (Macdonald et al.,
1993). These different stages in bicoid mRNA localisationand they do not show ectopic localisation in taxol-treated
egg chambers (Pokrywka and Stephenson, 1995). These are thus driven by different but overlapping signals within
the 3*UTR.transcripts therefore appear to localise at least in part by a
distinct mechanism from that of bicoid mRNA.
swallow. Mutations in a second maternal effect gene,
swallow (FrohnhoÈ fer and NuÈ sslein-Volhard, 1987), disrupt Localisation to the Posterior
the maintenance of bicoid mRNA at the anterior, so that
by stage 12 all bicoid mRNA has been released from the As with bicoid, the cis-acting signal responsible for lo-
calising the posterior determinant, nanos mRNA, maps tocortex to form a very shallow anterior±posterior gradient
(St. Johnston et al., 1989). This may re¯ect a role for swal- the 3 *UTR (Gavis and Lehmann, 1992). Genetic analysis
has identi®ed many genes required for localisation of bothlow in anchoring bicoid mRNA to the cortex of the oocyte.
As swallow mutants also show defects in the anchoring of nanos mRNA and the germ-line determinants in the poste-
rior pole plasm, several of which are themselves localisedpole plasm components at the posterior (Ferrandon et al.,
1994) and in the regular organisation of nuclei at the cortex (reviewed in St. Johnston, 1993). These posterior group
genes can be ordered in a pathway where the localisationin blastoderm embryos (FrohnhoÈfer and NuÈ sslein-Volhard,
1987), it is possible that swallow may have a general effect of a gene product is dependent on the correct localisation
of those above it in the hierarchy (Fig. 4). Of the posterioron the structure of the cortex rather than any speci®c role
in bicoid mRNA localisation. group gene products, oskar is the ®rst mRNA to localise to
the posterior, being seen there as early as stage 7±8staufen. The ®nal maternal effect gene affecting bicoid
mRNA localisation is staufen. staufen mutants do not af- (Ephrussi et al., 1991; Kim-Ha et al., 1991). Ephrussi and
Lehmann (1992) were able to show in an elegant experimentfect the early stages of bicoid mRNA localisation. Only the
®nal stage, where bicoid mRNA moves from a tight anterior that oskar mRNA localisation constitutes a key step in the
formation of pole plasm. It seems that wherever oskarcortical position to the dorsal-anterior cytoplasm, is altered.
In eggs from staufen mutant mothers, bicoid is released mRNA is localised and translated it is able to recruit all
the other components required to form the posterior andfrom the cortex and diffuses away to form a steep gradient.
This results in a weak anterior phenotype: the bicoid germ-line determinants.
Transgenic ¯ies were produced carrying a gene-constructmRNA can still form a gradient of the Bicoid morphogen,
but the very highest levels of the gradient cannot be ob- where the cis-acting 3*UTR localisation signal of oskar was
replaced with the 3 *UTR of bicoid (oskar-bcd3 *UTR). Astained due to the mRNA being insuf®ciently concentrated
at the anterior (St. Johnston et al., 1989, 1991). a result, oskar message transcribed from the transgene is
localised in the anterior pattern normally seen for bicoidStaufen protein colocalises with bicoid mRNA in the dor-
sal-anterior cytoplasm, but as there are no RNA-null alleles transcripts. In otherwise wild-type ¯ies, this results in oskar
mRNA tightly localised to each end of the oocyte: wild-of bicoid, it is not possible to directly test whether the
localisation of Staufen protein relies on bicoid mRNA in the type oskar message at the posterior and transgene-derived
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in distribution occur at the same times as the changes in
oskar mRNA localisation (St. Johnston et al., 1991).
As with the interaction between bicoid mRNA and
Staufen, increasing the copy number of oskar, which leads
to an increase in the amount of transcript produced
(Ephrussi and Lehmann, 1992; Smith et al., 1992), results
in more Staufen being localised. Similarly increasing the
amount of Staufen protein produced has no effect on the
amount of oskar mRNA or Staufen protein localised but
leads to an increase in unlocalised Staufen (Ferrandon et al.,
1994).
This leads to a model in which an excess of Staufen pro-
tein in the oocyte interacts with limiting quantities of oskar
mRNA. The complex between the two is then a substrate
for movement to the posterior pole (reviewed in GonzaÂ les-
Reyes, 1995).
FIG. 4. Hierarchy of Drosophila posterior group genes. Staufen and oskar Localise along Microtubules
The movement of Staufen protein and oskar mRNA to
the posterior correlates perfectly with the major reorganisa-
tion of the oocyte cytoskeleton which replaces the nurseoskar message at the anterior. As in wild-type ¯ies, the
cell±oocyte microtubule network with an anterior±poste-localised mRNA gives rise to localised Oskar protein and
rior microtubule array of opposite polarity within the oo-recruits at least Vasa protein and nanos mRNA to both
cyte at stage 7 (Theurkauf et al., 1992). The completion ofends of the cell. As a consequence of the ectopic nanos,
Staufen and oskar localisation in stage 10 (Kim-Ha et al.,the embryos develop a bicaudal phenotypeÐmirror-image
1991) coincides with the further major reorganisation thatabdomens at either end of the egg. The oskar-bcd3 *UTR
results in the onset of cytoplasmic streaming (Theurkauf ettransgene is also capable of directing the formation of pole
al., 1992).cells at the anterior, indicating that the germ-line determi-
Clark et al. (1994) demonstrated that the kinesin:b-galnants are also mislocalised by the ectopic oskar mRNA.
fusion protein moves to the posterior of the oocyte at justAs with bicoid and nanos, the oskar 3 *UTR is the cis-
the same stage as Staufen and oskar and that this movementacting factor that regulates localisation of the transcript
is dependent on the activity of the kinesin motor domain.(Ephrussi and Lehmann, 1992). Microtubules, and four ma-
In the Notch, Delta, and gurken mutants which result internal effect genes cappuccino, spire, mago nashi, and
formation of a mirror-image microtubule skeleton, Staufenstaufen, have been implicated as some of the trans-acting
protein, oskar mRNA, and the kin:b-gal protein all mislo-factors (SchuÈ pbach and Wieschaus, 1986; Boswell et al.,
calise identically, to the center of the oocyte (Clark et al.,1991; Ephrussi et al., 1991; Kim-Ha et al., 1991; St. Johnston
1994; GonzaÂ lez-Reyes et al., 1995). In addition, movementet al., 1991; Newmark and Boswell, 1994).
of the reporter construct is disrupted by the same mutations
(cap, spire) that affect Staufen and oskar localisation but
not by mutations in staufen and oskar themselves (Clarkoskar Localisation: A Role for staufen
et al., 1994). These results indicate that the construct is not
simply hitching a lift with Staufen or oskar but that it isoskar mRNA follows the early pattern of localisation to
the oocyte and anterior margin. The anterior phase is how- sharing some aspect of the transport machinery which is
disrupted in these mutants.ever only very brief, and during stages 8±9 oskar becomes
restricted to a cap at the posterior pole (Fig. 2) (Ephrussi et In view of the fact that kinesin is well established as a
microtubule-directed motor protein and that treatmental., 1991; Kim-Ha et al., 1991). Mutations in staufen, the
same gene that is involved in the ®nal stage of bicoid locali- with the microtubule depolymerising drug colchicine pre-
vents localisation of Staufen, oskar mRNA, and the motorsation, prevent movement of oskar mRNA to the posterior.
Instead, oskar persists as a ring at the anterior similar to the fusion, it is very likely that this shared component of the
transport machinery is the microtubules themselves. Fur-transient anterior localisation seen in wild-type embryos
(Ferrandon et al., 1994). The behaviour of wild-type Staufen ther con®rmation comes from an analysis of cappuccino
and spire mutants (Theurkauf, 1994b) which indicates thatprotein correlates well with the localisation of oskar
mRNA: it is initially present throughout the oocyte cyto- they result in the premature onset of cytoplasmic streaming
immediately after loss of the posterior MTOC. In these ova-plasm; transiently localises to the anterior; and then moves
to form a posterior cap, although some protein remains ries, therefore, the anterior±posterior array of microtubules
implicated in Staufen and oskar localisation to the posteriorevenly distributed through the cytoplasm. These changes
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fails to form. This could account for the failure of Staufen shape that the bicoid 3 *UTR adopts or if under in vivo
conditions a single domain is able to show selective binding.and oskar to localise.
The apparently anterior nucleation of the anterior±poste- A second puzzle concerning Staufen:RNA binding is the
apparent switch in speci®city that occurs between the endrior microtubule array (Theurkauf et al., 1993) and the plus-
end-directed motor activity of the kinesin-bgal fusion (Gini- of oogenesis and egg deposition: During oogenesis, Staufen
localises exlusively with oskar mRNA, at the posterior ofger et al., 1993) both support the notion that Staufen and
oskar are localised by a plus-end-directed motor. There are the egg, even though bicoid mRNA is present at the anterior
(St. Johnston et al., 1991). In contrast, in the egg, Staufencurrently no mutations available in genes that might encode
such a motor. mago nashi was a promising candidate, as speci®cally binds bicoid mRNA and does not bind injected
oskar mRNA (Ferrandon et al., 1994). The failure to interactStaufen and oskar remain stuck at the anterior in mago
mutants. However, the recent cloning and sequencing of with bicoid mRNA in the oocyte might be explained by
blocking of the Staufen interaction signal in the 3*UTR bymago indicate no similarity to any known motor domains
(Newmark and Boswell, 1994). Surprisingly, Drosophila cy- factors which bind to the overlapping BLE1 element (Mac-
donald et al., 1993; Ferrandon et al., 1994). However, intoplasmic dynein, a well-established minus-end-directed
motor, also localises to the posterior of the oocyte (Hays et vitro transcribed oskar mRNA is unlikely to be associated
with any masking factors, so this explanation cannot ac-al., 1994). As with the kinesin-bgal motor, dynein comislo-
calises with Staufen and oskar in the Nts mutants (Li et al., count for its failure to interact with Staufen in the injection
assay. Whether the change in speci®city re¯ects some1994). However, it is possible that dynein is merely being
transported to the posterior as another cargo for the motor change in Staufen itself or in the availability of unidenti®ed
cofactors remains unclear.that localises Staufen and oskar: in contrast to the
kinesin:bgal construct (Clark et al., 1994) it has not been
demonstrated that dynein needs an active motor domain to
be localised. Assembly of the Pole Plasm
Clark et al.'s results also suggest, from the time course
over which colchicine acts, that once Staufen and oskar Given that localising oskar mRNA to the anterior is capa-
ble of directing ectopic abdomen and pole-cell formation,reach the posterior they become anchored there in a way
that is not microtubule dependent. Thus, when the micro- and the hierarchical pathway of polar granule formation, it
is reasonable to suppose that the remaining components oftubules rearrange and cytoplasmic streaming commences,
they are not swept away. This anchoring appears to be de- pole plasm, which localise during the mixing of the cyto-
plasm after stage 10, are sequentially trapped at the poste-pendent on Oskar protein: oskar transcripts carrying non-
sense mutations are transported to the posterior, but this rior by the Staufen and oskar mRNA anchored there.
A model for polar granule formation therefore emerges.localisation is not maintained (Kim-Ha et al., 1991).
The cytoskeletal reorganisation which occurs at stage 7±8
provides a polarised track to the posterior. Staufen protein
and oskar mRNA interact and are transported along thisStaufen May Interact Directly with bicoid and
track by a plus-end-directed microtubule motor. At the pos-oskar mRNAs
terior Staufen and oskar become anchored, possibly by
Oskar protein, and interact with Vasa protein which lo-Evidence for a direct interaction between Staufen protein
and oskar and bicoid mRNAs came with the discovery of calises next (Hay et al., 1990; Lasko and Ashburner, 1990).
When cytoplasmic streaming commences, the other compo-®ve conserved double-strand RNA binding domains in
Staufen (St. Johnston et al., 1992). Similar domains have nents of the polar granules, such as nanos mRNA, cyclin-
B mRNA, and gcl mRNA, deposited in the egg by the col-since been identi®ed in a large number of RNA binding
proteins from a diverse range of organisms (Green and Mat- lapsing nurse cells, interact with the previously localised
factors and are trapped (Fig. 2).thew, 1992; Gibson and Thompson, 1994). The recent deter-
mination of the NMR structure of Staufen domain 3 re- In at least one case, however, restriction to the posterior
occurs by another mechanism. Hsp83 mRNA is absent fromvealed a surprising similarity to a domain of the prokaryotic
ribosomal subunit S5 (Bycroft et al., 1995). This structure the oocyte between stages 6 and 10 and becomes uniformly
localised after that. In the early embryo the maternal tran-may therefore represent an extremely ancient functional
domain. script is degraded except at the posterior. This local protec-
tion requires the presence of intact polar granules (Ding etA single Staufen domain in isolation binds double-
stranded, but not single-stranded, RNA, although in this in al., 1993).
vitro assay it shows no sequence speci®city (St. Johnston
et al., 1992). In contrast, the interaction between Staufen
and bicoid mRNA in the injection assay described above is Polarisation of the DV Axis
absolutely speci®c for the bicoid 3 *UTR (Ferrandon et al.,
1994). It is not clear whether this speci®city arises from As with the anterior±posterior axis, polarisation of the
dorsal±ventral axis relies on a signal from the oocyte tomultiple, nonspeci®c domains recognising the particular
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overlying follicle cells, which are thereby induced to adopt upon its prior speci®cation of the anterior±posterior axis
(GonzaÂ lez-Reyes et al., 1995).a dorsal cell fate (Neuman-Silberberg and Schupbach, 1993;
We have seen that the microtubule cytoskeleton directsSchuÈpbach, 1987). The polarisation of the follicle cells into
a series of mRNA localisations which play a vital role indorsal and ventral cell fates underlies the asymmetric ma-
several crucial phases of Drosophila oogenesis: (1) Differen-ternal signal that de®nes the embryonic dorsal±ventral axis
tiation of the oocyte; (2) polarisation of the anterior±poste-(Chasan and Anderson, 1993; SchuÈ pbach and Roth, 1994).
rior axis by grk; (3) localisation of bicoid and oskar mRNAInterestingly, polarisation of the dorsal±ventral axis relies
to opposite poles of the oocyte; and (4) assembly of the poleon localisation of the same mRNA, gurken, that speci®es
plasm, driven by cytoplasmic streaming. The ®rst two ofthe anterior±posterior axis (Neuman-Silberberg and Schup-
these steps are required to localise the oocyte nucleus tobach, 1993, 1994; Roth and SchuÈ pbach, 1994; Haenlin et
the anterior-dorsal corner. gurken mRNA localised to thisal., 1995).
site induces the dorsal±ventral axis.During stage 7±8 grk mRNA is transiently found in a
diffuse pattern and along the anterior margin of the egg, but
it then associates with the oocyte nucleus, which has
moved to the anterior-dorsal corner of the oocyte (Fig. 3B) mRNA LOCALISATION IN VERTEBRATES
(Neuman-Silberberg and Schupbach, 1993). The grk signal AND NEMATODES
arising from this localised mRNA causes the follicle cells
which migrate over the anterior of the oocyte to adopt a
We have seen that early Drosophila development is ex-dorsal fate (Neuman-Silberberg and SchuÈ pbach, 1994).
tremely rich in mRNA localisation events. While the locali-The localisation of bicoid to the anterior cortex, oskar to
sation of transcripts as a source of morphogenic gradientsthe posterior, and gurken adjacent to the nucleus suggests
may have arisen as a consequence of insect early develop-that in stage 8±9 oocytes mRNAs are targeted to at least
ment occurring in a syncitium, it is easy to envisage a rolethree different cytoplasmic regions. Mutations in several
for localised mRNAs in organisms where the early cell divi-genes are known to affect the ®nal localisation of grk
sions are complete. In the same way that cyclinB mRNAmRNA to the third region. squid (sqd ), K10, cappuccino
becomes incorporated into the Drosophila pole cells as a(cap), and spire mutants all result in grk mRNA remaining
result of its being at the posterior (Whit®eld et al., 1989;around the whole anterior cortex rather than being re-
Lehner and O'Farrell, 1990), mRNAs localised to differentstricted to the dorsal side of the oocyte nucleus. sqd, a
regions of eggs which undergo complete cleavage divisions,member of the hnRNP family of RNA-binding proteins (Kel-
will become incorporated into speci®c blastomeres, and
ley, 1993; Matunis et al., 1994) involved in pre-mRNA pro-
could determine their fate.
cessing (Dreyfuss et al., 1993) and K10, a member of the
In the nematode Caenorhabditis elegans, for example,
helix-loop-helix family of DNA binding proteins (Prost et determination of the germ line correlates with segregation
al., 1988), are both found in the oocyte nucleus. Although of a specialised region of cytoplasm rich in P-granules,
this might suggest that these proteins might be involved in which share characteristics with the polar granules of Dro-
the transcription and processing in the oocyte nucleus of a sophila pole plasm. These granules move to the posterior
factor that mediates grk localisation, the oocyte nucleus is of the egg prior to the ®rst cleavage in a process that is
in meitotic prophase and is thought to be transcriptionally actin, rather than microtubule, dependent (Strome and
inactive at this stage (Mahowald, 1972). The effect of cap Wood, 1983). In situ hybridisation experiments have re-
and spire on grk localisation (and dorsal±ventral patterning vealed that a population of maternal mRNAs is speci®cally
of the egg) is much more variable than that of sqd and associated with these P-granules. Additional populations
K10, appearing in less than 50% of mutant egg chambers are differentially maintained in the germ line and soma, but
(Neuman-Silberberg and Schupbach, 1993). As discussed apparently by differential degradation in the two cell types
earlier, these genes seem to affect the general organisation rather than by localisation (Seydoux and Fire, 1994).
of the oocyte microtubules (Theurkauf, 1994b). Unfortunately, the identity of the P-granule-associated
The position of the oocyte nucleus clearly determines mRNAs is unknown, as is their function. It is to be hoped
where gurken mRNA localises: in mutants where the nu- that the many screens for developmental mutants in C.
cleus fails to take up its proper position, gurken is mislocali- elegans will lead to identi®cation of these mRNAs and an
sed with it (GonzaÂlez-Reyes and St. Johnston, 1994; GonzaÂ - understanding of their function and localisation. par1-5
lez-Reyes et al., 1995). This also suggests that gurken locali- (Kemphues et al., 1988) and mex-1 (Mello et al., 1992), for
sation above the nucleus is unlikely to be dependant on the example, have already been shown to have roles in parti-
anterior±posterior microtubule array that localises bicoid tioning determinants during cleavage. There is also an intri-
and oskar. Interestingly, this microtubule network, which guing parallel between glp-1, a gene required for anterior
forms as a result of the posterior follicle cell signal, is re- cell fates, and Drosophila hunchback (Gendreau et al.,
quired for the localisation of the oocyte nucleus to the ante- 1994; Hutter and Schnabel, 1994; Moskowitz et al., 1994;
rior-dorsal corner (Theurkauf et al., 1992). Thus grk's speci- Hutter and Schnabel, 1995). Although glp-1 mRNA is uni-
formly distributed throughout the embryo, it is translated®cation of the dorsal±ventral axis is actually dependant
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only in the anterior blastomeres from the two-cell stage cytoskeleton (Elinson et al., 1993). Exogenous Vg1 mRNA
injected into the oocyte is able to follow this localisationonwards. The translational control is mediated by elements
in the 3 *UTR similar to the nanos response elements found pattern (Yisraeli and Melton, 1988). This injection assay
has allowed the cis-acting signal to be determined. As within hunchback (Evans et al., 1994). Thus in both C. elegans
and D. melanogaster a protein involved in cell fate determi- Drosophila messages, this maps to a large (340-base) region
of the 3*UTR which is likely to adopt a stable secondarynation is restricted to the anterior by translational repres-
sion in the posterior of the embryo. It is an exciting possibil- structure (Mowry and Melton, 1992).
In addition, it has been possible to identify a trans-actingity that one of the P-granule-associated mRNAs will encode
a nanos-like or pumilio-like translational repressor. factor that may be generally involved in localisation of
RNAs to the vegetal pole. A 69-kDa protein cross-links andIn the Xenopus laevis egg, the presence of pigmented
granules in the animal hemisphere visibly demonstrates binds with high af®nity to the localisation signal of Vg1.
This interaction is speci®c to Vg1 and another vegetallythat the cytoplasm is not uniform. (See Gilbert (1994b) and
Slack (1991) for reviews of Xenopus oogenesis and em- localised mRNA TGFb-5. Another mRNA, An2, which is
targeted to the animal hemisphere, did not compete forbryogenesis). This polarity is re¯ected in the differential
localisation of a number of mRNAs to the vegetal and ani- binding (Schwartz et al., 1992).
mal hemispheres (Weeks and Melton, 1987a,b; Kloc et al.,
1991, 1993; Reddy et al., 1992; Ku and Melton, 1993; Linnen Localisation of Xcat2, Xwnt11, Xlsirt
et al., 1993; Mosquera et al., 1993; Elinson et al., 1993;
Vg1 does not represent the earliest known vegetally tar-Gururajan et al., 1994a,b).
geted mRNA in Xenopus. Xcat2 (a nanos homologue),Classical embryology has shown that the vegetal blasto-
Xwnt11, and a nontranslatable transcript Xlsirt all localisemeres act as the source of a mesoderm inducing activity
to the cortex at stages 1±2, via distinct regions of the mito-and that the dorsal-vegetal blastomeres induce a dorsal±
chondrial cloud (Fig. 5) (Mosquera et al., 1993; Forristall etventral patterning activity (Gerhart and Keller, 1986; Kes-
al., 1995; Kloc and Etkin, 1995). This structure, also knownsler and Melton, 1994). Formation of the dorsal-vegetal sig-
as the Balbiani body, is a site of mitochondrial proliferationnal relies on the movement of a factor initially present in
and is also associated with the electron-dense RNA/proteinthe vegetal pole cytoplasm to the dorsal equatorial region.
granules of the germ plasm. At stage 2 the mitochondrialThis depends on a microtubule dependant rotation of the
cloud fragments and moves from near the nucleus to thecortex of the egg relative to the inner cytoplasm that occurs
vegetal cortex (Heasman et al., 1984). The association andshortly after fertilisation. Ultraviolet (UV) irradiation
movement of Xcat2, Xwnt11, and Xlsirt with the cloud areblocks this rotation and results in the loss of dorsal axial
neither actin nor microtubule dependent, but anchoring atstructures (Fujisue et al., 1993).
the cortex is disrupted by the actin destabilising drug cyto-Although the identity of these inducers has not been
chalasin B (Forristall et al., 1995; Kloc and Etkin, 1995).proved, mRNAs encoding two candidates, Vg1 and Xwnt11,
The different transcripts localised at this time appear toare localised to the vegetal cortex of the egg and are thereby
have a layered structure, which might represent the samerestricted to the vegetal blastomeres. Vg1 and Xwnt11 both
sort of stepwise localisation seen in polar granule assemblyencode secreted growth factor-like molecules (Weeks and
(Kloc and Etkin, 1995). Certainly, Xlsirt has a role in sta-Melton, 1987b; Ku and Melton, 1993). When mRNA encod-
bilising the later arrival of Vg1: when localised Xlsirt ising Xwnt11 (Ku and Melton, 1993) or an activated form of
destroyed by antisense oligonucleotides, Vg1 transcripts de-Vg1 (Weeks and Melton, 1987b) is injected into a vegetal
localise (Kloc and Etkin, 1994). The association betweenblastomere of a UV-ventralised embryo, it is able to rescue
Xlsirt and Vg1 may well be transient as the Vg1 transcriptsformation of a partial (Xwnt11) or complete (Vg1) dorsal
later appear to spread out over a larger region of the vegetalaxis.
cortex than the Xlsirt, Xcat2, and Xwnt11 occupy (Kloc and
Etkin, 1995).
Localisation of Vg1 mRNA The different distributions of these mRNAs appears to
affect their later partitioning among the blastomeres. Vg1Vg1 transcripts are unlocalised in early Xenopus oocytes
is released from the cortex and incorporated into all the(stages 1±2), but move to the vegetal cortex in mid-oogen-
vegetal blastomeres, but Xcat-2 mRNA is retained at theesis (stage 3) (Melton, 1987). On maturation of the egg they
cortex and is inherited by a more restricted set of cells. Itsare released into a subcortical cytoplasmic band and become
speckled appearance in the cortical region and pattern ofincorporated into all the vegetal cells as they form (Weeks
cellular distribution is consistent with its being a compo-and Melton, 1987b).
nent of Xenopus germ plasm (Forristall et al., 1995).Yisraeli et al. (1989, 1990) demonstrated that the mid-
oogenesis localisation consists of two discreet stepsÐan
initial microtubule-dependent movement (stages 3±4) fol- SUMMARY
lowed by micro®lament-mediated maintenance at the cor-
tex. This maintenance is stable to non-ionic detergent ex- Although there are many differences, mRNA localis-
ations in the Xenopus oocyte show some tantalising simi-traction, further suggesting a direct association with the
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FIG. 5. mRNAs localise to distinct regions of the mitochondrial cloud in Xenopus oocytes. Whole-mount in situ hybridisation to mid±
late stage 1 Xenopus oocytes with (a) Xcat-2, localised in a ring around the periphery of the mitochondrial cloud (arrow). (b) Xwnt11 is
also localised to the cloud, but is excluded from this ring. (c) Xlsirt is present throughout the cloud. (d) In contrast, Vg1 transcripts are
excluded from the mitochondrial cloud at this stage and are found unlocalised within the rest of the cytoplasm.
larities to those occurring in Drosophila development. As particularly interesting because of the morphological and
functional similarities between Drosophila polar granules,in Drosophila, transcripts localise to opposite poles of the
oocyte; this localisation is hierarchical and occurs in a Caenorhabditis P-granules, and Xenopus germ plasm.
These electron-dense protein±RNA complexes are mater-multistep process in which localisation is followed by an-
choring at the cortex. nally supplied and in each case segregate with the germ
line. These granules may represent a fundamental con-This distinction between initial transport and long-term
maintenance re¯ects the dynamic nature of the cytoskele- served pathway to germ-cell speci®cation and it is now at
least a possibility that they are also involved in establishington: the microtubule tracks form and reform according to
the needs of the cell so that stable localisation must be the embryonic axis through translational repression. In the
case of Drosophila, this occurs through localised nanos act-mediated by a more constant structureÐthe cortex. A pos-
sible exception is the localisation of gurken mRNA where ing (via Pumilio) on nanos response elements in hunchback
mRNA. No such regulatory pair has yet been demonstratedit is unknown whether there are separate mechanisms for
transport to and maintenance at the oocyte nucleus. How- in C. elegans or X. laevis, but each contains a candidate for
one half of the interaction: glp-1 could be a target for anever, gurken is responsible for the transmission of a transi-
tory signal; once this has been received, and the fate of the unidenti®ed nanos-like protein; Xcat-2 may control transla-
tion of an unknown NRE-containing mRNA.recipient follicle cells determined, there is no further need
for localisation. It is possible that the time scale over which Another common feature of mRNA localisation is that
in every case where the targeting signal has been deter-the localisation machinery is stable is suf®cient for trans-
mission of this signal without the need for a separate main- mined, it has been mapped to a region of the 3*UTR capable
of forming an extensive secondary structure (e.g., Davis andtenance phase.
The existence of a nanos homologue, Xcat-2 (Mosquera Ish-Horowicz, 1991; Dalby and Glover, 1992; Gavis and
Lehmann, 1992; Kim-Ha et al., 1993; Kislauskis et al., 1993,et al., 1993), associated with the Xenopus germ plasm is
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1994; Lantz and Schedl, 1994). In several cases, translational The Drosophila oocyte provides a particularly interesting
model because transcripts are found in at least three differ-control and transcript stability signals have also been
mapped to these regions (Jackson and Standart, 1990; ent positions within the single cell. The dynamic role of
the cytoskeleton in this process has already been high-Standart et al., 1990; Standart and Hunt, 1990; Davis and
Ish-Horowicz, 1991; Wharton and Struhl, 1991; Dalby and lighted, and identi®cation of the genes which control the
microtubule rearrangements would be exciting not merelyGlover, 1993; Evans et al., 1994; Kim-Ha et al., 1995).
The large secondary structures may provide a means for from the point of view of understanding mRNA localisation
but also for understanding the changes in cytoskeletal struc-stably exposing sequence-speci®c regions of RNA to pro-
teins. Due to the ease with which RNA forms base pairs, ture that accompany changes in cell behaviour and mor-
phology.it is likely that rather than remaining single-stranded, RNA
within the cell forms some sort of secondary structure. The While examples of mRNA localisation have been ob-
served in many organisms, the accessible genetics and cytol-geometry of purely double-stranded RNA does not permit
sequence speci®c interactions between proteins and the ogy of Drosophila have permitted the identi®cation of a
comprehensive range of localisation mechanisms. Thesebases because the major groove is inaccessible to amino
acid side chains (Weeks and Crothers, 1993). However, the same tools have the potential to enable us to identify and
characterise the trans-acting factors required for localisa-distortions to the dsRNA helix provided by bulges, pseu-
doknots, and the single-strand loop regions in stem-loop tion and anchoring of transcripts.
structures do present sequence information that can be
``read'' by proteins. The extensive 3*UTRs may produce a
stable secondary structure which ensures that regulatory ACKNOWLEDGMENTS
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